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MauG catalyzes posttranslational modiﬁcations of methylamine dehydrogenase to complete the
biosynthesis of its protein-derived tryptophan tryptophylquinone (TTQ) cofactor. MauG possesses
a ﬁve-coordinate high-spin and a six-coordinate low-spin ferric heme, the latter with His-Tyr liga-
tion. Replacement of this tyrosine with lysine generates a MauG variant with only high-spin ferric
heme and altered spectroscopic and redox properties. Y294K MauG cannot stabilize the bis-Fe(IV)
redox state required for TTQ biosynthesis but instead forms a compound I-like species on reaction
with peroxide. The results clarify the role of Tyr ligation of the ﬁve-coordinate heme in determining
the physical and redox properties and reactivity of MauG.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
MauG from Paracoccus denitriﬁcans [1] is a diheme enzyme
which catalyzes the biosynthesis of the protein-derived trypto-
phan tryptophylquinone (TTQ) cofactor [2] of methylamine dehy-
drogenase (MADH) [3]. The substrate for MauG is an MADH
precursor protein (preMADH) in which residue bTrp57 has been
monohydroxylated [4]. MauG catalyzes the six-electron oxidation
of preMADH which results in crosslinking of bTrp57 and bTrp108,
a second hydroxylation of bTrp57, and oxidation of the quinol spe-
cies to the quinone [5,6] (Fig. 1). Diferric MauG contains two c-type
hemes. One is high-spin with His35 providing an axial ligand and
the other is low-spin with axial ligands provided by His205 and
Tyr294 [1,7]. Natural Tyr-His heme c ligation has not previously
been described, and MauG is the ﬁrst example of a c-type heme
with axial ligation by tyrosine. Despite a 21 Å separation of the
heme irons [7], the diheme system of MauG exhibits redox cooper-
ativity with the two hemes behaving as a single diheme unit rather
than as independent hemes [8]. As such, the two oxidation/reduc-
tion midpoint potential (Em) values for the inter-conversion be-
tween diferric and diferrous states correspond to the sequential
addition or removal of the ﬁrst and second electrons from the di-chemical Societies. Published by E
Biomedical Sciences, College
ona Blvd., Orlando, FL 32827,
idson).heme system; rather than being attributable to one or the other
heme. A novel feature of MauG is that on reaction with H2O2 it gen-
erates a bis-Fe(IV) state with the ﬁve-coordinate heme as Fe(IV)@O
and the other heme as Fe(IV) with the two axial ligands from the
protein retained [9]. This bis-Fe(IV) state is required for each of
the three sequential two-electron oxidations of preMADH. The cat-
alytic mechanism requires long range electron/hole transfer as the
substrate is 40 Å away from the oxygen-binding heme iron
[7,10,11]. This mechanism also requires that solvent rather than
the ferryl heme is the source of the oxygen that is added to bTrp57
during biosynthesis (Fig. 1).
Previously Try294, the distal axial ligand of the low-spin heme,
was mutated to His and the crystal structure of Y294H MauG re-
vealed that the six-coordinate heme had His-His axial ligation
[12]. Y294H MauG was able to interact with preMADH and partic-
ipate in inter-protein electron transfer, but it was unable to cata-
lyze the TTQ biosynthesis reactions that require the bis-Fe(IV)
state. Spectroscopic data revealed that Y294H MauG could not sta-
bilize the bis-Fe(IV) state, but instead formed a compound I-like
species which could not catalyze TTQ biosynthesis [12].
In this study Tyr294 was converted to Lys, which resulted in
loss rather than replacement of the axial heme ligand provided
by Tyr294. This provides an opportunity to characterize a form of
MauG with two ﬁve-coordinate hemes. The results of this study
and previous work allow us to clarify the role of this novel Tyr liga-
tion in determining the physical and redox properties and reactiv-
ity of MauG.lsevier B.V. All rights reserved.
Table 1
Effects of the Y294K mutation on absorption maxima (kmax) and extinction
Fig. 1. MauG-dependent TTQ biosynthesis. Oxidation equivalents [O] may be
provided by H2O2 or O2 plus a reductant. Posttranslational modiﬁcations which are
catalyzed by MauG are shown in red.
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2.1. Protein expression and puriﬁcation
Methods for the expression and puriﬁcation of MADH [13], pre-
MADH [4], and MauG [1] were as described previously. Site-direc-
ted mutagenesis to create Y294K MauG was performed on
pMEG391 [1], which contains mauG, with the Quick-Change kit
(Strategene). The entiremauG-containing fragment was sequenced
to ensure that no additional site mutations were present. Y294K
MauG was expressed in P. denitriﬁcans and isolated from the peri-
plasmic fraction as described for recombinant wild-type (WT)
MauG [1]. The yield was approximately 1 mg/l of culture, which
is comparable to the yield of WT MauG.
2.2. EPR spectroscopy
EPR samples were prepared in 50 mM potassium phosphate
buffer, pH 7.4, with 150 lM WT or Y294K MauG. Continous wave
X-band EPR spectra were taken on a Bruker ER200D spectrometer
at 100-kHz modulation frequency coupled with a dual mode reso-
nator. The measurement temperature was maintained at 10 K with
an ESR910 liquid helium cryostat and an ITC503 temperature con-
troller from Oxford Instrument.
2.3. Redox titrations
Em values were determined by anaerobic spectrochemical titra-
tion as described previously for WT MauG [8] using FMN as a
mediator. Sodium dithionite and potassium ferricyanide were used
in reductive and oxidative titrations, respectively. The titrations
were fully reversible. The fraction reduced (Eq. (1)) was deter-
mined by comparison with the spectra of the completely oxidized
and reduced forms of MauG and quantitated from the absorbance
at 550 nm, where a and (1  a) are the fraction of the total absor-
bance change attributable to each of the two one-electron redox
couples. Em values are reported versus NHE:
Fraction reduced ¼ a=½1þ 10ððEEm1Þ=0:059VÞ
þ ð1 aÞ=½1þ 10ððEEm2Þ=0:059VÞ ð1Þcoefﬁcients (e) of different redox forms of MauG.
Redox state kmax (e nm (mM1cm1))
MauG Y294K MauG Y294H MauGa
Diferric 406 (309) 403 (348) 404 (347)
Diferrous 418 (327) 415 (411) 416 (434)
524 (34) 522 (41) 522 (39)
552 (50) 550 (61) 550 (66)
High valent 407 (271) 403 (280) 406 (286)
– 655 (9.0) 655 (8.5)
a Values for Y294H MauG were taken from Ref. [12].2.4. MauG-dependent TTQ biosynthesis
Steady-state kinetic studies of MauG-dependent TTQ biosyn-
thesis from preMADH were performed using a previously de-
scribed spectrophotometric assay [14,15]. Y294K MauG was
mixed with preMADH in 0.01 M potassium phosphate buffer, pH
7.5 at 25 C. Reactions were initiated by addition of 100 lM H2O2
and the rate of appearance of quinone MADH was monitored at
440 nm.2.5. Electron transfer from diferrous Y294K MauG to quinone MADH
The single-turnover kinetics of the reaction of diferrous Y294K
MauG with quinone MADH were studied as described previously
for WT MauG [16]. The reaction was monitored by the decrease
in absorbance at 550 nm which corresponds to the conversion of
diferrous to diferric MauG [1]. Data were analyzed using Eqs. (2)
and (3) where S is quinone MADH, E is diferrous MauG, E0 is diferric
MauG, and P is quinol MADH:
Eþ S Kd ES k3
k4
E0P ð2Þ
kobs ¼ k3½S=ð½S þ Kd þ k4 ð3Þ3. Results
3.1. Effects of the Y294K mutation on the visible absorption spectra of
diferric and diferrous MauG
It should be noted that since MauG is a diheme protein, its spec-
tral features contain contributions from each heme. It was con-
ﬁrmed that Y294K MauG possessed two covalently bound hemes
and the extinction coefﬁcients of peaks in the absorption spectrum
were determined by the pyridine hemochrome method [17].
Anaerobic titration of Y249K MauG with dithionite conﬁrmed that
two electron equivalents are required for conversion of the diferric
to the diferrous state. The spectra of the diferrous and diferric
forms reveal that the Y294K mutation caused subtle changes in
the absorption maxima of the Soret and b peaks of MauG, as well
as increases in the extinction coefﬁcients for all peaks in the difer-
rous spectrum (Table 1). These changes are similar to spectral
changes which were caused by the Y294H mutation of MauG [12].
3.2. Effects of the Y294K mutation on the EPR spectrum of MauG
Fig. 2 presents the EPR spectra of WT and Y294K MauG. The
Y294K EPR spectrum is dominated by high-spin heme signal
(g = 5.57, 1.99), which indicates that the hemes are primarily
ﬁve-coordinate with axial His ligation. A minor low-spin ferric
component with g values of 2.89, 2.32 and 1.52 is also apparent
in the Y294K spectrum. This signal was previously seen in the
spectrum of WTMauG and assigned as a six-coordinate artifact de-
rived from the original ﬁve-coordinate heme after binding another
ligand from solvent on freezing [15,18]. Mössbauer spectroscopy
analysis of diferric WT MauG revealed that about half of the ﬁve-
coordinate heme is converted to this six-coordinate artifact [18].
The conversion of high-spin to low-spin heme on freezing has been
documented in other diheme enzymes [19–21]. Further evidence
supporting this interpretation is that for a P107S mutation of
MauG, which introduced a sixth ligand from protein to the high-
Fig. 3. Spectrochemical redox titrations of WT MauG (circles, black) and Y294K
MauG (squares, blue). Titrations were performed anaerobically in 50 mM potassium
phosphate, pH 7.5, at 25 C as described in Section 2.3. Solid lines are ﬁts of the data
by Eq. (1).
Fig. 2. EPR spectra of WT (A) and Y294K (B) MauG. The low-spin ferric species in
the spectrum of WT MauG, which corresponds to the His-Tyr ligated heme, is
labeled for clariﬁcation. Samples containing 150 lM WT or Y294K MauG were
prepared in 50 mM potassium phosphate buffer, pH 7.4. Spectra were obtained at
10 K with microwave frequency, 9.65 GHz, microwave power, 1 mW, and modu-
lation magnitude, 0.5 mT.
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feature does not describe the true low-spin heme. The major low-
spin ferric species (g = 2.54, 2.19, 1.87) in the EPR spectrum of WT
MauG, which corresponds to the six-coordinate His-Tyr ligatedTable 2
Effects of the Y294K mutation on redox properties and reactivity of MauG.
Properties W
Em values (mV) 

kcat for TTQ biosynthesis from preMADH (s1) 0
kcat for TTQ biosynthesis from quinol MADH (s1) 4
Electron transfer reaction from diferrous MauG to quinone MADH (s1) k
K
a Values for Y294H MauG were taken from Ref. [12].
b Taken from Ref. [14].
c Taken from Ref. [16].heme, disappears in the spectrum of Y294K MauG, consistent with
loss of the Tyr heme ligand.
3.3. Effect of the Y294K mutation on the Em values of MauG
MauG exhibits two Em values which correspond to the sequen-
tial addition or removal of the ﬁrst and second electron from the
diheme system [8]. Y294K MauG exhibited Em values of 75 and
268 mV, whereas the Em values for WT MauG are 158 and
246 mV (Fig. 3, Table 2). The spectrochemical titration was
reversible and yielded the same Em values in each direction. The ef-
fect of this mutation is qualitatively similar to what was observed
in Y294H MauG [12], except that in the latter case the increase in
separation of the Em values was much greater with Em values of
17 and 377 mV.
3.4. Effect of the Y294K mutation on reaction of MauG with H2O2
Reaction of diferric MauG with H2O2 results in the formation of
a bis-Fe(IV) species which is reactive towards preMADH [9]. The
formation and decay of this high-valent species is accompanied
by changes in the visible absorption spectrum of MauG [22]. Reac-
tion of Y294K MauG with H2O2 caused spectral changes which
were different from those observed for WT MauG (Fig. 4). Upon
reaction of WT MauG with H2O2 the Soret band displays a red-shift
of both sides of the absorption envelope, a slight shift in kmax, and a
decrease in intensity at kmax. Reaction of Y294K MauG with H2O2
results in a red-shift for only the lower wavelength side of the Sor-
et band to produce a sharper peak, with a similar decrease in inten-
sity. This result is similar to what was observed for Y294H MauG
[12]. For that variant it was shown that addition of H2O2 also re-
sulted in the appearance of broad absorption in the 600–700 nm
range with a major peak centered at 655 nm. The appearance of
such absorption peaks in the 600–700 nm region with an accompa-
nying decrease in absorption intensity of the Soret band is charac-
teristic of Compound I (i.e., Fe(IV)@O+) species [19,23–26]. The
same absorption feature was observed after addition of H2O2 to
Y294K MauG (Fig. 4C), suggesting that it also forms a Compound
I-like high-valent species rather than bis-Fe(IV). This high-valent
species of Y294K MauG formed within the dead-time of mixing
in stopped-ﬂow experiments (i.e., k > 300 s1) and it spontaneously
decayed to the diferric state with a half-life of about 3 min
(Fig. 4D). This is similar to what was observed with WT MauG
where the bis-Fe(IV) state also forms within the dead-time of mix-
ing and exhibits a similar rate of spontaneous decay [22].
3.5. Effect of the Y294K mutation on MauG-catalyzed TTQ biosynthesis
Whereas the bis-Fe(IV) of WT MauG spontaneously decays to
the diferric state slowly over several minutes, addition of pre-
MADH to bis-Fe(IV) WT MauG accelerates the return to the diferric
with a rate constant of 0.8 s1 [22]. In contrast, addition ofT MauG Y294K MauG Y294H MauGa
158 ± 9
246 ± 3
75 ± 4
268 ± 5
17 ± 13
377 ± 2
.2b 0 0
.2c 0 0
= 0.07 ± 0.01 s1c
d = 10.1 ± 1.6 lMc
k = 0.16 ± 0.02 s1
Kd = 14.4 ± 3.4 lM
k = 0.21 ± 0.01 s1
Kd = 9.4 ± 1.1 lM
Fig. 4. Changes in the absorption spectra of WT and Y294K MauG upon addition of a stoichiometric amount of H2O2. (A) Soret region of 3 lMWTMauG before (solid line) and
immediately after (dashed line) addition of H2O2. (B) Soret region of 3 lM Y294K MauG before (solid line) and immediately after (dashed line) addition of H2O2. (C) Difference
spectra (immediately after addition of H2O2 minus diferric spectra) of the higher wavelength region of the spectra for 15 lM WT MauG (black) or Y294K MauG (blue). (D).
Time course for the return to the diferric state after addition of H2O2 to generate the high-valent species in Y294K MauG. The changes in absorbance were monitored at
404 nm (blue circles) and 655 nm (purple squares). All spectra were recorded in 50 mM potassium phosphate, pH 7.5, at 25 C.
Fig. 5. Single-turnover kinetics of the reaction of diferrous Y294K MauG. Each
reaction was performed in 0.01 M potassium phosphate buffer, pH 7.5, at 25 C. The
reaction mixture contained 1.5 lM of the limiting reactant, diferrous Y294K MauG.
The line represents the ﬁt of the data by Eq. (3).
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did not increase the slow rate of spontaneous return to the diferric
state. Furthermore, when tested in steady-state kinetic assay of
TTQ biosynthesis from preMADH, Y294K MauG was inactive (Ta-
ble 2); results similar to those previously reported for Y294H
MauG [12].
3.6. Effect of the Y294K mutation on electron transfer from diferrous
MauG to quinone MADH
In addition to the TTQ biosynthetic oxidation reactions which
require formation of the bis-Fe(IV) intermediate [9,16], a thermo-
dynamically favorable electron transfer from diferrous MauG toquinone MADH may be monitored [16]. This reaction does not
require formation of the bis-Fe(IV) state and has been used to
distinguish whether mutations of MauG affect stabilization of the
bis-Fe(IV) state, the capacity for long range electron transfer
between the redox centers of the proteins, or neither or both
[10,12]. Y294K MauG was active in this reaction and exhibited a
rate constant and Kd value of 0.16 s1 and 14.4 lM, respectively,
compared to 0.07 s1 and 10.1 lM for WT MauG (Fig. 5, Table 2).
4. Discussion
MauG is distinct from other heme proteins in its function and
physical properties. It catalyzes three successive, different oxida-
tion reactions on amino acid residues of a substrate protein via
long range electron/hole transfer [7,10,11]. These oxidation reac-
tions proceed via a bis-Fe(IV) intermediate in which the six-coordi-
nate heme stabilizes the Fe(IV) state without an exogenous ligand
[9]. An unprecedented structural feature of MauG is the His-Tyr ax-
ial ligation of the six-coordinate c-type heme [7]. Replacement of
this Tyr with His to generate a His-His ligated heme abolished
TTQ biosynthesis and the ability to stabilize the bis-Fe(IV) state
[12]. To further probe the role of the distal axial ligand of the
six-coordinate heme of MauG, a Y294K variant was created. The
EPR spectrum of diferric Y294K MauG is consistent with the loss
of the Tyr294 ligand of the native six-coordinate low-spin heme,
which results in an enzyme with two ﬁve-coordinate hemes.
The properties of Y294K MauG are more similar to those of
Y294H MauG than to those of WT MauG. The changes in the two
Em values caused by the Y294K mutation are similar to those
caused by the Y294H mutation in that one Em value increased
and the other decreased. However, the magnitude of the changes
was much less in Y294K MauG (Table 2). The fact that His-Tyr
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spin suggests that Tyr294 coordinates to the heme iron as a tyrosi-
nate [27]. X-ray absorption and computational studies conﬁrm that
the heme ligand in WT MauG is the deprotonated tyrosinate in all
redox states [28]. Thus, it is reasonable that the loss of that ligand
or its replacement with His increases the Em value for the ﬁrst elec-
tron reduction by +83 mV for Y294KMauG and +141 mV for Y294H
MauG (Table 2). It is not obvious why the Em value for the second
electron reduction is instead decreased relative to WT MauG. The
basis for this phenomenon requires further study.
The most signiﬁcant feature shared by Y294H and Y294K MauG
is the formation of a high-valent Compound I-like species rather
than the bis-Fe(IV) species. This renders both variants incapable
of TTQ biosynthesis, in contrast to WT MauG which forms the
bis-Fe(IV) species. Like Y294H MauG, Y294K MauG is competent
in electron transfer from diferrous MauG to quinone MADH, a reac-
tion which does not require formation of the bis-Fe(IV) species.
Thus, the mutation has not affected binding between the proteins
or the electron transfer pathway that connects the redox centers,
but rather the ability of the second heme to stabilize Fe(IV). The
similar effects of either replacing the Tyr294 distal heme ligand
with His [12], or the total loss of that ligand as in Y294K MauG,
indicate that the changes in spectral properties and inability to sta-
bilize the bis-Fe(IV) state are attributable primarily to the absence
of Tyr as a heme ligand and that its replacement with an alterna-
tive ligand cannot compensate for the loss of Tyr. Furthermore,
even though this heme in Y294K MauG lacks a distal ligand, the
heme iron is apparently not accessible to H2O2. This highlights
the functional role of this heme in electron transport rather than
in binding exogenous ligands.
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